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A lzheimer's disease (AD) is the leading cause of dementia, affecting over 26 million people, and the most expensive disease in America at a total cost of $259 billion in 2017. 1, 2 As the field of medicine aims to prolong life, it is not without cost since the number of people suffering from AD, a disease of aging, continues to rise, estimated to quadruple by 2050. 2, 3 Therefore, effective and timely diagnostic approaches become critical as therapies are more likely to be effective in earlier stages of the disease rather than later. 4, 5 Aside from cognitive abnormalities, ophthalmologic impairments including visual acuity, color recognition, and motion perception have all been reported in the early stages of dementia even prior to manifesting as a clear diagnosis of AD. [6] [7] [8] [9] [10] [11] [12] These symptoms of visual dysfunction in AD have been associated with the degeneration of the optic nerve and retina, developmental outgrowths of the brain, [13] [14] [15] since cortical deficits alone do not explain these visual deficits. 11, 12, 16, 17 Ocular manifestations of AD were first shown by our laboratory, whereby the optic nerves of postmortem tissue exhibited diffuse axonal degeneration. 18, 19 More recently, hallmark pathologies of neurodegeneration typical for AD in the brain have also been suggested in the retina. We previously demonstrated amyloid b-protein (Ab) accumulation inside and around melanopsin-immunoreactive RGCs (mRGCs) in AD, possibly explaining circadian rhythm disturbances seen in these patients. 20 Additional studies have identified Ab plaque pathology in postmortem retinas of definite AD patients as well as in early-stage cases. 1, [20] [21] [22] [23] [24] Following the advent of optical coherence tomography (OCT), in vivo studies have revealed significant retinal thinning, suggesting the retina as a potential noninvasive biomarker for the early progressive effects of neurodegeneration in AD. 16, 18, [25] [26] [27] However, the clinical utility of the retina as a purported biomarker for AD remains inconclusive as live patient studies of retinal structure and function in AD have been controversial. [28] [29] [30] [31] [32] [33] The majority of these studies have focused on the inner retinal layers including the retinal nerve fiber layer (RNFL) and retinal ganglion cell layer (RGCL) with less attention to the outer retinal layers including the inner nuclear layer (INL) and outer nuclear layer (ONL) thus limiting a comprehensive understanding of the retina in AD. Most AD studies have predominantly assessed the retina with OCT, Copyright 2019 The Authors iovs.arvojournals.org j ISSN: 1552-5783 which has various limitations. These include reduced cooperation in cognitively compromised patients, especially in advanced stages, and the persistent challenge of unequivocally diagnosing AD clinically. Further deviations in reported results may arise from intrinsic apparatus variability including optic disc centering procedures, eye tracking system, length of examination time, and anatomical errors frequently associated with OCT interpretation. 28, 34, 35 Given these inconsistencies with using an in vivo approach to evaluate the retina in AD, we pursued an ex vivo approach using human postmortem tissue to allow for a more precise, quantitative assessment of the retina as a potential ophthalmologic biomarker for AD.
METHODS Human Tissues
Human postmortem control eyes were received from the Lions VisionGift eye bank in Portland, Oregon, and the AD eyes were acquired through the Alzheimer's Disease Research Center (ADRC) Neuropathology Core at the University of Southern California (USC), funded by the National Institute of Aging. The Institutional Review Board (IRB) at USC approved the acquisition of donor tissue through the ADRC at USC. All experiments were performed in accordance with the relevant guidelines and regulations as detailed by the IRB at USC. The need to obtain informed consent was waived by the IRB since the tissues were de-identified prior to distribution. We analyzed one eye from each postmortem subject, which included eight patients with AD (mean age, 80 6 12.7 years) ( Table 1 ) and 11 age-matched control subjects (mean age, 78 6 16.6 years) derived at autopsy ( Table 2 ). The groups did not differ significantly in age or years of education.
Cognitive Evaluation and AD Diagnosis
The diagnosis of AD was confirmed neuropathologically in accordance with modified Consortium to Establish a Registry for Alzheimer's Disease (CERAD) or National Institute on Aging (NIA)-Reagan criteria and Braak-Braak Alzheimer classification. 36 Clinical charts of controls and AD patients were reviewed. Age-matched eyes from patients without an AD diagnosis served as control specimens in the study. The inclusion criteria for AD cases included a neuropathological diagnosis of high likelihood AD according to NIA-Reagan Institute criteria, 37 frequent neuritic plaques according to modified CERAD criteria, 36 and Braak stage V or VI, 38 based on the neuropathological reports (C. Miller, MD, ADRC at USC). Exclusion criteria were co-occurring and/or confounding ophthalmologic diseases. Tissues with significant posterior pole ocular pathology such as age-related macular degeneration, optic neuropathies such as glaucoma, ischemic optic neuropathy, and diabetic retinopathy were not included in the study. Moreover, exclusion criteria for controls provided by the eye tissue banks were the presence of neurological and psychiatric disorders, treatment with chemotherapeutic agents prior to death, human immunodeficiency virus infection, alcohol abuse, and diabetes.
Histology
Postmortem tissue samples used in the current study were previously immunohistochemically evaluated for retinal Ab using an established protocol. 20 The AD group demonstrated positive immunoreactivity for substantial retinal Ab deposition. Control tissues demonstrated minimal to no immunoreactivity for retinal Ab deposition. Eyes were immersion-fixed in 10% neutral buffered formalin. Eyes were dissected horizontally through the upper region of the optic nerve extending circumferentially through the superior nasal and temporal retinas. This single ribbon of tissue was processed and embedded into paraffin blocks, sectioned at 5 lm on a retracting microtome, and stained with hematoxylin and eosin. A published, detailed description of this tissue preparation and staining protocol is available for reference. 20 
Morphometric Analysis
Digitized histopathology images of the control and AD retinas were acquired using the Aperio Scanscope-model CS2 (Leica Biosystems, Buffalo Grove, IL, USA) equipped with a five-slide capacity and high-resolution magnification capabilities using a line scanning method. The 403 lens on the digital pathology scanner produced a rapid and seamless image of the retina including the entire nasal and temporal regions in a single section. The system was calibrated before each measurement session at 0.25 lM/pixel linked with the 403 scanning lens protocol. 39 As illustrated in Figure 1 , postmortem histology permitted a more precise and feasible evaluation of the retinal layers in comparison with OCT. Thickness measurements were manually performed for the inner retinal layers including the RNFL, RGCL, and inner plexiform layer (IPL), which together comprise the retinal ganglion cell complex (RGCC). We also measured the thicknesses of the nuclear layers comprising the outer retina, specifically the INL and ONL. As seen in Figure 1B , RNFL thickness was defined as the distance from the outer aspect of the inner limiting membrane to the inner border of the RGCL. RGCL thickness was defined as the distance from the outer aspect of the RNFL to the inner border of the IPL. IPL thickness was defined as the distance from the outer RGCL to the inner border of the INL. INL thickness was defined as the The Retina in Alzheimer's Disease IOVS j April 2019 j Vol. 60 j No. 5 j 1492 distance from the outer IPL to the inner border of the outer plexiform layer (OPL). ONL thickness was defined as the distance from the outer OPL to the inner border of the photoreceptor layer. Thickness measurements were performed using ImageScope v12.1.0.5029 software (Leica Biosystems) and were obtained at approximately every 500 lm spanning the total distance beginning from the middle of the optic nerve to the center of the macula within the superior ribbon of tissue. This amounted to a total of eight measuring points for each layer supero-temporally (Fig. 2) . Additionally, the same total distance was projected supero-nasally relative to the optic nerve with thickness measurements performed again at approximately every 500 lm for a total of eight measuring points for each layer supero-nasally (Fig. 2) . The validities of the performed measurements were subsequently assessed by a masked histopathologist.
Statistical Methods
Statistical analysis was performed using SPSS V.20 package software. To compare the groups, independent t-test and Mann-Whitney U test were applied. The normality assumption for the independent variables was checked with Shapiro-Wilk test. The variables that were compliant with the normality assumption were subjected to independent t-test, while those that did not meet the normality assumption were subjected to Mann-Whitney U test. Statistical significance was established at P < 0.05.
RESULTS

Qualitative Findings
The RNFL was remarkably thinner in AD relative to controls as seen on light microscopy in Figure 3 . The RGCL in AD was also markedly thinner and showed an appreciable dropout of nuclei relative to controls (Fig. 4) on qualitative assessment. IPL thinning was not grossly remarkable in AD. However, the density of plexiform fibers on visual inspection was appreciably less in AD relative to controls (Fig. 5) . The INL and ONL in AD were markedly thinner and showed an appreciable dropout of nuclei relative to controls (Fig. 4) .
Retinal Nerve Fiber Layer
Quantitatively (Fig. 6 ), RNFL thinning supero-temporally was most pronounced in the peripapillary region, closest to the optic nerve. Supero-nasally, the RNFL was markedly thinner throughout all measured regions, most pronounced in the peripapillary region. Overall, the RNFL was significantly thinner supero-nasally than supero-temporally.
Retinal Ganglion Cell Layer
Quantitative analysis (Fig. 7) of the supero-temporal region revealed RGCL thinning most pronounced toward the macula. The supero-nasal region showed uniform thinning across all measured areas. Cause of death was not known due to inaccessibility of death certificates through the USC ADRC from which the postmortem tissues were acquired. A, Alzheimer's disease; F, female; M, male; N.A., not available.
FIGURE 1.
Illustrates challenges of retinal layer identification on enhanced depth imaging optical coherence tomography (EDI-OCT) (A) relative to accurate identification and delineation of the corresponding retinal layers on histology in a representative control micrograph stained with hematoxylin and eosin (B) within the macula.
Inner Plexiform Layer
On quantitative assessment (Fig. 8) , IPL thinning superotemporally was statistically significant solely in the macula, but otherwise unremarkable relative to controls. In contrast, the supero-nasal IPL featured substantial, uniform thinning throughout. Overall, the IPL was considerably thinner supero-nasally than supero-temporally.
Inner Nuclear Layer
As seen in Figure 9 , quantitative analysis showed significant supero-temporal thinning most pronounced toward the macula. Supero-nasally, the INL was significantly thinner throughout although most pronounced toward the optic nerve and with decreasing severity out to the peripheral retina.
Outer Nuclear Layer
As seen in Figure 10 , quantitative analysis showed significant supero-temporal thinning of the ONL most pronounced toward the macula. Supero-nasally, the ONL was significantly thinner in the regions closest to the optic nerve and with decreasing severity out to the peripheral retina.
DISCUSSION
The present study performed a morphometric analysis of the retina in AD. We provide, for the first time, a quantitative thickness assessment of the inner (RNFL, RGCL, IPL) and outer layers (INL and ONL) of the retina using postmortem human tissues. These tissues were histopathologically confirmed for amyloid deposition and were derived from patients neuropathologically confirmed for severe AD. We found significant thinning for all assessed retinal layers and observed differences in thickness by layer and by region, supero-nasally and superotemporally with respect to the optic nerve. Taken together, FIGURE 2. Morphometric analysis of the retinal layers. Thickness measurements were acquired along eight points beginning from the middle of the optic nerve to the macular region supero-temporally. The same distance was applied to the supero-nasal side, resulting in a total of 16 total thickness measurements for all five retinal layers. these findings expand our understanding of the retina as a potential surrogate biomarker for AD and propose an objective, quantifiable means of assessing this disease.
Histological examination of the RNFL revealed significant thinning closest to the optic nerve in the superior-temporal region. In the superior-nasal region, we found diffuse thinning throughout the RNFL, most pronounced closest to the optic nerve. This thickness profile matches the distribution of the retinal Ab deposits in the mid-and far-periphery of the superior quadrants of these tissues as previously demonstrated by our laboratory. 20, 40, 41 Similarly, Koronyo and colleagues 23, 42 described an extensive loss of neurons in the superior quadrant and the mid-and far-peripheries. Interestingly, the supero-nasal RNFL was markedly thinner overall compared to the superotemporal RNFL. This is consistent with our previous findings where axonal loss predominantly affected the larger fibers and spared the smaller fibers, similarly observed by Koronyo and colleagues. 20, 23, 42 Our study also histologically assessed RGCL and IPL thickness. While thickness changes for these layers have been previously reported in vivo using OCT, these studies predominantly evaluated the RGCL and IPL as a combined thickness and exclusively in the macula. [28] [29] [30] [31] [32] [33] Since AD in the eye has been characterized as a disease primarily of the ganglion cells, we expand upon these studies by assessing the RGCL and IPL separately rather than combined, and geographically beyond the macula. Supero-temporally to the optic nerve, RGCL thinning was most severe toward the macula. However, supero-nasally, RGCL thinning extended uniformly out to the peripheral retina. Similarly, significant thinning of the supero-temporal IPL was seen in the macula with uniform thinning out to the periphery supero-nasally. This IPL atrophy may likely contribute to deficiencies in motion perception and contrast sensitivity frequently seen in patients with AD since processing of these visual stimuli begins in this layer. 43, 44 Intriguingly, the IPL exhibited roughly half the magnitude of thickness reduction in comparison with the RNFL and RGCL. This is in parallel with the distribution of Ab seen in these tissues, whereby Ab deposits were found to be more concentrated in the RGCL relative to the IPL. 20 This finding also suggests that atrophy of the IPL, comprised of ganglion cell synaptic connections, dendrites, and bipolar cells, may likely be secondarily involved and follow after ganglion cell and nerve fiber loss. Previous studies have suggested IPL changes may precede RGCL changes. Williams et al. 45 found IPL loss prior to RGCL loss in a mouse model, while Snyder et al. 46 showed IPL thickening correlating with amyloid deposition in preclinical AD patients. However, animal models are not always truly representative of human disease, 45 and the limitations of OCT studies may persist without histopathologically confirming fibrillar Ab within the inclusion bodies seen on live imaging. 47 The present study was performed in postmortem human eyes in severe stages of AD.
Thickness assessment of the outer retina showed remarkable thinning of both the INL and ONL. Supero-temporally to the optic nerve, INL thinning was significantly apparent throughout all measured points and most severe toward the macula. Supero-nasally, INL thinning was also significantly thinner across all measured points and most severe toward the optic nerve. Similar to the INL, significant ONL thinning was observed throughout all measured points and most severe toward the macula supero-temporally relative to the optic nerve. Also resembling the INL, ONL thinning supero-nasally was significantly thinner across all measured points and most severe toward the optic nerve. Therefore, the INL and ONL shared similar thickness profiles in AD. Intriguingly, the magnitude of thickness reduction for the INL and ONL was notably less than that of the RNFL and RGCL. These thickness findings may be explained by the distribution of the retinal Ab deposits, which were more concentrated in the RGCL and to a lesser extent in the INL and ONL. 20 Similarly, Koronyo-Hamaoui et al. 23 observed neuronal reduction in the INL and ONL accompanied by retinal Ab pathology.
The observed pattern of retinal thinning in AD, whereby thinning was greatest for the inner layers of the retina followed by the outer layers, may likely be attributed to Ab deposition and consequent neurotoxicity as suggested by previous studies. 20, 23, 42, 47, 48 Notably, however, the IPL was less severely thinned relative to the INL and ONL. The INL consists of the cell bodies of horizontal cells, bipolar cells, and amacrine cells, while the ONL consists of photoreceptor cell bodies. 43 In the context of severe AD, tissue loss in these layers may be associated with retrograde transsynaptic degeneration. 49 However, future studies assessing the morphological changes of the various cell types comprising these retinal layers would be necessary to support this hypothesis.
While our measurements may have been impacted by postmortem tissue swelling and tissue shrinkage as induced by fixation, both tissue groups were prepared under identical protocols and deviations would be equally distributed between both AD and controls, mitigating measurement bias. Despite its limited sample size, the current study represents the largest histological analysis of retinal thickness in AD. Including only one eye for each patient is a particular strength of our study as it avoids artificial sample size enhancement, which may have arisen from including both eyes. In addition, we used 16 measurements per layer to account for case-specific differences in retinal structure, further strengthening the significance of our findings. We did not assess the OPL and photoreceptor layer as these layers exhibited fragmentation artifacts following tissue preparation. Glaucoma is another common ocular disease that has been implicated as sharing commonalities with AD. 21 However, the relationship between these two disease entities remains controversial and additional studies are warranted to investigate their similarities.
CONCLUSIONS AND FUTURE DIRECTIONS
We provide the first, morphometric analysis of both the inner and outer retinal layers using postmortem tissue histologically confirmed for Ab derived from patients neuropathologically confirmed for severe AD. Different patterns of thinning were exhibited in the superior-nasal and superior-temporal regions of the retina relative to the optic nerve. We also found a gradient of thickness reduction whereby thinning was greatest for the inner layers of the retina followed by the outer layers of the retina. A more comprehensive understanding of the retina as measured ex vivo can be useful for assessing the clinical validity and utility of the retina, a purported ocular biomarker in vivo using OCT. Given mounting evidence that alterations in the visual system may precede cognitive changes, such a quantitative means of assessing disease may serve useful for ultimately monitoring disease, which may permit earlier interventions. Therefore, future studies are suggested. Our laboratory had originally demonstrated optic nerve degeneration in AD on histopathology. Following the advent of OCT, studies have primarily assessed retinal thickness changes in the macula to explain the visual symptoms experienced by AD patients. Given these findings, the current morphometric analysis specifically focused on near and mid peripheral retina to evaluate thickness changes in relation to distance from the optic nerve and the centralsuperior region of the macula. Notably, recent studies have also identified significant amyloid deposition in the far peripheral retina. Additional studies assessing associated retinal thickness changes in these regions may be warranted and serve beneficial. Furthermore, our study focused on AD tissues derived from patients with severe AD (BRAAK stages V and VI). Histological comparisons from earlier disease stages would be worthwhile to assess thickness changes as a function of disease severity.
